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ABSTRACT: Fexofenadine has been identified as a substrate for both the efflux
transporter, P-glycoprotein (P-gp), as well as the influx transporter, organic anion
transporting polypeptide (OATP). Clinical studies in humans showed that fruit juices
reduced the oral bioavailability of fexofenadine by preferentially inhibiting OATP over
P-gp. The objective of this study was to investigate the effects of fruit juices on the oral
absorption of fexofenadine in rats to establish a preclinical fruit juice–drug interac-
tion model. In rats, fexofenadine was excreted unchanged in the urine, bile, and
gastrointestinal tract, indicating minimal metabolism, making it an ideal probe to study
transport processes. Coadministration of fexofenadine with ketoconazole, a P-gp in-
hibitor, increased the oral exposure of fexofenadine by 187%. In contrast, coadministra-
tion of fexofenadinewith orange juice or apple juice to rats decreased the oral exposure of
fexofenadine by 31 and 22%, respectively. Increasing the quantity of orange or apple juice
administered further decreased the oral exposure of fexofenadine, by 40 and 28%,
respectively. This reduction in fexofenadine bioavailability was moderate compared to
that seen in humans. These findings suggest that in rats fruit juices may also pre-
ferentially inhibit OATP rather than P-gp–mediated transport in fexofenadine oral
absorption, albeit to a lesser extent than observed in humans. This fruit juice–drug
interaction rat model may be useful in prediction of potential food–drug interactions in
humans for drug candidates. �2004Wiley-Liss, Inc. and theAmericanPharmacistsAssociation
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INTRODUCTION

It is becoming increasingly evident that intestinal
transporters play an important role in the oral
absorption of compounds, with both influx and
efflux transporters influencing drug absorption
processes.1,2 Oral absorption of compounds can
be limited by efflux transporters located in the in-

testine such as P-glycoprotein (P-gp) or the multi-
drug resistance-associated protein 2 (MRP2),3,4

while influx transporters such as the organic
anion transporting polypeptide (OATP) and pep-
tide transporters (e.g., PEPT1), can aid intestinal
drug absorption.5–7 Additionally, there appears to
be an overlap in the substrate specificity between
the efflux transporter P-gp, and the influx
transporter OATP,5 which could lead to opposing
influences on the net absorption of a shared
substrate.

Fruit juices such as grapefruit juice have been
shown to increase oral bioavailability in humans
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by causing mechanism-based inhibition of intest-
inal CYP3A4 and possibly also by inhibiting P-gp–
mediated intestinal efflux.8–10 This food–drug
interaction is still not completely understood.
The antihistaminic compound, fexofenadine, was
identified as a substrate for both P-gp and
OATP.11,12 In humans, only 5% of the oral dose of
fexofenadine is metabolized, making it an ideal
probe to study transport mechanisms in vivo.13

Recent studies in humans using fexofenadine as
a probe, showed that upon oral coadministra-
tion with fruit juices such as grapefruit, orange,
and apple juice, the oral bioavailability of fexo-
fenadinewas significantly reduced.14 If fruit juices
inhibited, only P-gp, then bioavailability of fexo-
fenadine, should have increased rather than de-
creased. Because fexofenadine is also a substrate
for OATP,11 the hypothesis put forth was that
the decrease in fexofenadine oral bioavailability by
fruit juices is a result of greater inhibition ofOATP
over P-gp.14 In vitro studies in cells transfected
with human and rat OATP transporters showed
that the fruit juices (grapefruit, orange, and apple)
produced relatively more potent inhibition of the
OATP transporters than of P-gp.14 However, the
human OATP-A studied in this report is not
expressed in human small intestine, and other
OATPs may be responsible for the transport of
fexofenadine in human intestine. Recent in vitro
studies by Nozawa et al.12 showed that fexofena-
dine is transported by human OATP-B, which is
expressed in the human intestine,15 although the
effect of fruit juice on this transporter has not yet
been evaluated.

The in vivo and in vitro studies carried out thus
far suggest preferential inhibition ofOATPuptake
by fruit juices, making it a useful tool to study
OATP transport in vivo. Having an animal model
that replicates the findings in humans for OATP
transport would be very useful in studying the role
of OATP in drug absorption, and hence improve
the clinical predictability based on the existing
preclinical models. Therefore, the objective of the
present study was to examine the effect of fruit
juice on fexofenadine in rats to establish a pre-
clinical fruit juice–drug interaction model.

MATERIALS AND METHODS

Chemicals

Fexofenadine was prepared at the Bristol-
Myers-Squibb Pharmaceutical Research Institute

(Princeton, NJ). Orange juice (Tropicana pure
premium) and apple juice (Motts) were purchased
from Wawa (Hamilton, NJ). All other chemicals
used were reagent grade or better.

Animal Studies

Adult male Sprague–Dawley rats were obtain-
ed from Charles River Lab. (Wilmington, MA).
All procedures were approved by the Bristol-
Myers-Squibb Institutional Animal Care and
Use Committee.

Routes of Excretion and Metabolism in Bile
Duct-Cannulated Rats

Male Sprague–Dawley rats were surgically pre-
pared with indwelling bile duct, duodenal, and
jugular vein cannulae 2 days prior to drug
administration. Rats were fasted overnight and
for the duration of the study. Water was provided
ad libitum throughout the study. During the
study, control bile was infused into the duodenum
at approximately 1 mL/h to avoid depletion of bile
salts. Fexofenadine was administered as a 10-min
intravenous infusion to two rats at a dose of
11.8mg/kg. The formulation usedwas 10% ethanol
in water. Urine and bile were quantitatively
collected for a 9-h period. At the end of the 9-h
experiment, rats were sacrificed and the gastro-
intestinal tract (GIT) and feces were collected.
GIT, including luminal contents, and feces were
homogenized with 9 volumes of water per 1
volume of GIT/feces. Samples were analyzed for
fexofenadine by LC/MS/MS.

Effect of Fruit Juices on the Oral Exposure
of Fexofenadine in Rats

Rats were surgically prepared with an indwelling
jugular vein cannula. Animals were fasted over-
night prior to dosing and fed approximately 6 h
postdose.Water was provided ad libitum through-
out the study. The pharmacokinetics of fexofena-
dine were investigated following a single dose of
approximately 10 mg/kg fexofenadine (which cor-
responds to the clinical dose of 120 mg in humans)
given orally by gavage with orange juice, apple
juice, water, or 10 mg/kg of ketoconazole (n¼ 3
rats per group, except the orange juice group
where n¼ 6 rats). The dose volume given was
10 mL/kg, and dosing solution consisted of 80%
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fruit juice (or water): 20% ethanol. Blood samples
were collected at 15, 30, 75 min, 1, 2, 4, 6, 8, and
10 h after oral dosing. In a second study (n¼ 3 rats
per group), the amount of fruit juice administered
was increased from 8 mL/kg to 28 mL/kg, and
given in divided doses over 1 h. These groups were
designated as ‘‘extra fruit juice’’ groups. The
volume and schedule of fruit juice administration
was as follows: 10 mL/kg of juice, followed by
10 mg/kg of fexofenadine after 30 min at 10 mL/kg
in 80% juice:20% ethanol, followed by 10 mL/kg
of juice after another 30 min. Blood samples
were collected at 15, 30, and 75 min, 1, 2, 4, 6, 8,
and 10 h postfexofenadine administration. In both
studies approximately 0.25 mL of blood was
collected from the jugular vein catheter in hepari-
nized tubes and plasma was obtained by centri-
fugation. Samples were analyzed for fexofenadine
by LC/MS/MS analysis.

Sample Analysis

Fexofenadine concentrations in plasma, bile,
urine, and GIT samples from rat studies were
determined using a LC/MS/MS method. Samples
(100 mL) were treated with 50 mL of ammonium
chloride buffer, pH 8.8, 300 mL of acetonitrile
containing 500 ng/mL of oleandrin as an in-
ternal standard (IS), and 150 mL of methylene
chloride. After centrifugation, the supernatant
was transferred to a glass tube and dried under
nitrogen. The residue was reconstituted with
75 mL of the mobile phase, and a 20-mL portion
was injected onto the LC/MS. The HPLC column
(50� 2.0 mm) was a 3-micron YMC ODS AQ
analytical column from Waters Corporation
(Milford, MA). The mobile phase consisted of
50:50 (v/v) acetonitrile and 5 mM ammonium
formate, pH 3.4. Chromatography was performed
isocratically at a flow rate of 0.2 mL/min at room
temperature. The HPLC was interfaced with a
Sciex API3000 LC/MS/MS system with an atmos-
pheric pressure ionization (API) and electrospray
inlet in the positive ion-multiple reaction mon-
itoring mode. The ions monitored were pre-
cursor! product ions of m/z 502.59! 466.26 for
fexofenadine and m/z 577.6! 433.3 for olean-
drin (IS). The API3000 instrument parameters
were (arbitrary units): CAD:4, DP:38, FP:180,
EP:-10, CE:38, CXP:25, IS:5000, and DF:-400.
Additional settings optimized using the heated
nebulizer interface were as follows (arbitrary
units): NEB:11 and CUR:11. The temperature
was set at 4008C.

Data Analysis

The pharmacokinetic parameters for fexofena-
dine were derived by noncompartmental meth-
ods16 using the KINETICATM software program.
The Cmax and Tmax values were recorded directly
from experimental observations. The AUC0n

values (area under the concentration versus time
curve from 0 to time of the last measurable
concentration) were calculated using a combina-
tion of linear and log trapezoidal rules. Statistical
analysis were performed where appropriate using
a two-tailed unpaired t-test with significance set
at p< 0.05.

RESULTS

Routes of Excretion and Metabolism in Bile Duct
Cannulated Rats

The recovery of fexofenadine in bile, urine, and
GIT of bile duct cannulated rats is summarized in
Table 1. After an intravenous dose of 11.8 mg/kg
in bile duct-cannulated rats, almost all of the dose
was recovered in the urine, bile, and gastrointest-
inal tract as an unchanged drug. The dose was
chosen to be equivalent to the 120-mg human dose
used in the clinical study by Dresser et al.14 These
results demonstrate that fexofenadine is excreted
unchanged in rats. Metabolism does not play a
major role in the elimination of fexofenadine,
making it an ideal probe to study transport pro-
cesses in the rat.

Effect of Fruit Juices on the Oral Exposure
of Fexofenadine in Rats

Pharmacokinetic parameters in the rat after oral
administration of fexofenadine in the presence or
absence of fruit juice are summarized in Table 2
and the plasma concentration–time profiles are
presented in Figure 1. On coadministration of an

Table 1. Recovery of Fxofenadine after an
Intravenous Dose to Bile Duct Annulated Rats

Parameter Rat 1 Rat 2

Dose (mg/kg) 11.8 11.8
% dose in urine (0–9 h) 15.7 19.2
% dose in bile (0–9 h) 64.0 75.5
% dose in GIT (9 h) 5.6 5.9
Total recovery as % of dose 85.3 100.6
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oral dose of fexofenadine with 10 mg/kg of
ketoconazole (a P-gp inhibitor) the exposure of
fexofenadine (Cmax and AUC) increased signifi-
cantly. This showed that ketoconazole inhibited
the P-gp–mediated efflux of fexofenadine during
absorption, and/or excretion via the biliary route.
In contrast, administration of orange juice or
apple juice to rats caused a decrease in the oral
exposure of fexofenadine. The AUC(0–10 h) of
fexofenadine decreased by 31 and 22% upon
coadministration with orange juice or apple juice,
respectively, suggesting that an influx transpor-
ter like OATP may be inhibited. After increasing
the amounts of orange juice or apple juice given
with a single dose of fexofenadine, the oral ex-
posure of fexofenadine was further decreased. The
AUC(0–10 h) of fexofenadine decreased by 40 and
28% with the extra amounts of orange juice or
apple juice, respectively.

DISCUSSION

The oral absorption of a compound is dependent
on several factors including the characteristics of
the compound (e.g., solubility and lipophilicity),
as well as its interaction with the intestinal
epithelium.2 Efflux proteins located on the in-
testinal epithelium like P-gp or MRP2 act to limit
the absorption of compounds that are substr-
ates thereby decreasing their bioavailability.1,3,4

Influx transporters like OATP or PEPT1, on the
other hand, act to facilitate the absorption of
compounds that are substrates of those transpor-
ters.3,5 Some OATP substrates also appear to be
substrates of P-gp and MRP2.5 Overlapping
substrate specificities between influx and efflux
transporters could affect the net absorption of the
compound. Additionally, intestinal metabolism by
drug metabolizing enzymes expressed in the gut

wall contribute to lowering the bioavailability of
an orally administered drug.2

Grapefruit juice has been shown to increase
the oral bioavailability of several therapeutic com-
pounds like felodipine, nifedipine, saquinavir, and
sildenafil.8–10,17,18 This increase has been shown
to be due to mechanism-based inhibition of in-
testinal CYP3A4 drug metabolism by grapefruit
juice.9,18 In addition to causing inhibition of
CYP3A4 metabolism, grapefruit juice has also
been implicated in inhibiting intestinal P-gp activ-
ity of certain compounds like cyclosporine, thereby
increasing its oral bioavailability.5,9

In vitro and in vivo studies have shown that
several fruit juices like grapefruit, orange, and
apple juice produced more potent inhibition of
OATP transporters over P-gp.14,19 In vitro studies
conducted by Dresser et al.14 showed that grape-
fruit, orange, and apple juice at 5% of normal
strength did not alter P-gp activity, but signifi-
cantly reduced human OATP and rat Oatp activ-
ity. Constituents of grapefruit juice like 60,
70-dihydroxybergamottin and naringin at concen-
trations of 33 and 3000 mM, respectively, reduced
in vitro P-gp activity by 50%, while at a lower
concentration of 5 mM, they caused 50% inhibition
of rat Oatp3 activity.14 Dresser et al.14 also show-
ed that 60,70-dihydroxybergamottin inhibited rat
Oatp1, expressed in the proximal colon, with an
IC50 of 0.28 mM, while IC50 for P-gp inhibition was
much higher at 33 mM. These results strongly
suggest that several furanocoumarins and biofla-
vanoids present in fruit juices are more potent
inhibitors of OATP transporters than of P-gp.
However, this report14 only showed fruit juice
effects on human OATP-A, which is not expressed
in human intestine. Further studies are needed to
demonstrate effect of fruit juices on human OATP
transporters such as OATP-B, which is expressed
in human intestine.15

Table 2. Pharmacokinetic Parameters of Fexofenadine in Rats (Mean�SD)

Parameter
Water Control

(n¼ 3)
Ketoconazole

(n¼ 3)
Orange Juice

(n¼ 6)
Apple Juice

(n¼ 3)
Extra Orange
Juicea (n¼ 3)

Extra Apple
Juicea (n¼ 3)

Dose (mg/kg) 10 10 10 10 10 10
Cmax (nM) 49� 2 159� 66b 27� 5b 37� 16 19� 8b 21� 7b

Tmax (h) 0.3� 0 0.5� 0.3 0.6� 0.1 0.7� 0.4 2.2� 1.8 0.5� 0.3
AUC(0–10 h) (nM �h) 148� 12 423� 91b 102� 26b 115� 38 89� 23b 106� 42
% Change in AUC

from control
— 187% �31% �22% �40% �28%

aExtra fruit juice: amount of fruit juice administeredwas increased from8mL/kg as a single dose to 28mL/kg in divided doses over
1 h as described in the ‘Materials and Methods’ section.

bp<0.05.
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In previous studies, fexofenadine has been
shown to be a substrate of the efflux transporter,
P-gp,11 as well as the influx transporter,
OATP.11,12 Both human OATP-A and rat Oatp1
and Oatp2 were found to mediate fexofenadine
cellular uptake.11 Fexofenadine was also found to
be a substrate of the rat Oatp3 transporter, which
is highly expressed on the brush border mem-
brane of enterocytes.19,20 Recent in vitro studies
by Nozawa et al.12 showed that fexofenadine is
also transported by human OATP-B, which is
expressed in the human intestine.15 In the present
study, coadministration of fexofenadine with a
P-gp inhibitor, ketoconazole, significantly increas-
ed the systemic exposure of fexofenadine in rats.
This is similar to the results obtained in humans
where coadministration of 120 mg of fexofenadine
with 400mg of ketoconazole led to a 164% increase
in fexofenadine exposure.13 In contrast, coadminis-
tration of orange juice or apple juice with fexofe-
nadine caused a decrease in the oral exposure
(AUC and Cmax) of fexofenadine in rats, suggest-
ing preferential inhibition of OATP over P-gp.
This observation is also consistent with results
in humans. However, the extent of decrease in
the oral bioavailability in rats was not as great as
that observed in humans. Increasing the amount
of coadministered orange or apple juice caused a
further decrease in the systemic exposure of
fexofenadine, which was still not as great as ob-
served in humans. The dose of 10 mg/kg used in
this study corresponds to the 120 mg human dose
used in the clinical study by Dresser et al.14 The
large volumes of fruit juice could have caused
alterations in the intestinal local environment
in rats. However, a large volume of fruit juice
(total volume of 1.2 L) was also administered
in the clinical study.14 Presumably, changes in
the intestinal local environments due to fruit
juices, affecting fexofenadine absorption, would
be similar in rats and humans. However, Dresser
et al.14 showed that even when smaller volumes of
300 mL were administered to humans, decreases
in plasma concentrations of fexofenadine were ob-
served. These results suggest that the volume of
fruit juices used may not have contributed sig-
nificantly to a moderate decrease in fexofenadine
oral exposure in rats compared to humans, by
causing changes in its physicochemical properties.
Further studies examining the bioavailability of
fexonadine with individual constituents of fruit
juices will be useful in gaining a better under-
standing of the transport processes involved in its
absorption.

Figure 1. Plasma concentration versus time profiles
in rats after a single oral dose of 10 mg/kg fexofenadine
in the absence (control) and presence of 10 mg/kg of
ketoconazole, or single or multiple doses of orange juice
and apple juice (mean values). In the ‘‘Extra fruit juice’’
groups, the amount of fruit juice administered was
increased from 8 mL/kg as a single dose to 28 mL/kg in
divided doses over 1 h as described in the Materials and
Methods section.
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The noncrossover design employed in these
rodent studies may be one of the reasons for the
moderate reduction in fexofenadine oral bioavail-
ability compared to that observed in humans. A
secondmore likely reasonmaybe thedifferences in
transporter activities between rats and humans.
The affinity and capacity of fexofenadine for the
intestinal OATP/Oatps could be different in the
rat (e.g., rat Oatp3) and human (e.g., OATP-B).
The Km value of fexofenadine for rat Oatp-3 was
36 mM;19 however, the affinity of fexofenadine for
human OATP-B has not yet been determined. A
third possibility is the effect of pH on fexofenadine
absorption. Fexofenadine exists as a zwitterion in
aqueous media at physiological pH.13 The inges-
tion of orange juice and apple juice, which are at
an acidic pH, could lower the pH in the intes-
tinal lumen and may affect the function of uptake
transporters of fexofenadine. Recent reports12,15

showed that OATP-B, which is expressed in
human intestine, exhibits pH-sensitive transport
for various organic anions. In vitro cellular
studies12 showed that while fexofenadine was
transported by OATP-B at both pH 7.4 and
pH 5.0, higher activity was observed at the acidic
pH. The pHvalues in the upper small intestine has
been reported21 to be higher in rats (pH 6.5)
compared to that in humans (pH 5.4). These dif-
ferences in intestinal pH values in rats and human
may have contributed to the differences seen be-
tween rats and humans.

In summary, these findings suggest that fruit
juices may also be preferentially inhibiting OATP
rather than P-gp–mediated transport of fexofena-
dine in rats, albeit to a lesser extent than observed
in humans. This decrease in exposure could result
in reduced effectiveness of fexofenadine in pa-
tients. This fruit juice–drug interaction rat model
may be useful in prediction of potential food–drug
interactions in humans for drug candidates.
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ABBREVIATIONS

API: atmospheric pressure ionization
AUC0n: area under the concentration vs. time

curve from 0 to time of the last measur-
able concentration

Cmax: maximum concentration
GIT: gastrointestinal tract
IS: internal standard
MRP2: multidrug resistance-associated

protein 2
OATP: organic anion transporting

polypeptide
PEPT1: peptide transporter 1
P-gp: p-glycoprotein
Tmax: time to reach Cmax
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